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Abstract
Variability in dissolved organic carbon (DOC) export from forested headwater
catchments has been attributed to an array of hydrologic, biotic and geochemical
drivers. In the Northeast United States specifically, one of the most commonly cited
drivers is recovery from acid rain. A major challenge in understanding DOC dy-
namics has been relating long-term regional trends and patterns to specific processes
at the catchment scale. We addressed this challenge by integrating methodologies
that analyze trends and processes across spatial scales. On the regional scale, we
used a data driven approach to quantify long-term trends of stream DOC concentra-
tions in USGS headwater catchments with flow-adjusted Seasonal Kendall tests. We
then compared trend results to catchment attributes compiled in a comprehensive
and publicly available dataset, Catchment Attributes and MEteorology for Large-
sample Studies (CAMELS). Our trend analyses showed notable spatial and temporal
variability in export patterns across the Northeast United States. Prior to 2004, sev-
eral catchments showed increasing stream DOC with decreasing atmospheric sulfate
(SO2−4 ) deposition, but the correlation disappears after 2004, confirming a transient
effect of recovery from acidification. Investigation of climatic, topographic and hy-
drologic catchment attributes vs. directionality of DOC trends furthermore explains
variability in DOC response and indicate that soil depth and catchment connectivity
drive DOC exports.
At the catchment scale, we then tested specific process hypotheses on the role
of changes in rain composition (ionic strength (IS) and pH variations) on soils in
highly connected riparian vs. disconnected hillslope soils. We performed replicated
leaching experiments on top-soil cores from two forested headwater catchments in
the Northeast, the Susquehanna Shale Hills Critical Zone Observatory (SSHCZO)
in Pennsylvania and the Sleepers River Research Watershed (SRRW) in Vermont.
These catchments were subjected to SO2−4 deposition towards the end of the 20th
century, but are now recovering. Compared to SSHCZO, SRRW soils released more
DOC under neutral pH and low IS conditions (i.e. recovering conditions) and scan-
ning electron microscope imaging indicates a significant contribution of DOC from
destabilizing soil aggregates. Furthermore, soils from less hydrologically connected
landscape positions released significantly more DOC in most cases, confirming the
important role of hot spots in DOC generation.
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Chapter 1: Introduction and
Literature Review
1.1 Motivations and overview
The carbon cycle, defined as the movement of carbon (C) between organic and
inorganic reservoirs on land, in water, and in the air, is one of the most systems
fundamental for life (Gschwend and Schwarzenbach, 1992). Dissolved organic carbon
(DOC) in streams and rivers and lakes represents an important flux in this cycle, as
inland waters emit ~2.1 Pg C/yr of CO2 globally (Raymond et al., 2013). Headwater
streams in particular disproportionately contribute to the transformation and export
of C, emitting ~50% of CO2 derived from inland waters (Raymond et al., 2013).
DOC production and transport in headwater catchments makes up a complex sys-
tem that couples hydrological and biogeochemical processes. DOC mobility is sensi-
tive to environmental drivers such as changes in climate, precipitation, soil chemistry,
land use and more (Kalbitz et al., 2000). As one of the largest and most bioavailable
sources of C, DOC is a major component in the flow of energy through terrestrial and
aquatic ecosystems (Schiff et al., 1990). DOC attenuates light in the water column
(Laurion et al., 1997), increases the mobility of trace pollutants and heavy metals,
and can itself be cause for concern for water treatment facilities when reacting with
chlorine and chloramines (Chow et al., 2003). Due to these vital roles in ecosystem
functions, the global C cycle, and water quality, DOC dynamics need to be carefully
monitored.
Controls on DOC production and transport can operate at multiple scales. For
example, on the molecular scale, DOC is comprised of an array of hydrophobic and
hydrophilic organic substances, often complexed with minerals in the formation of
colloids and aggregates. The stability of these aggregates and colloids is sensitive to
factors that may inhibit or enhance bond strength (Lagaly, 2006). On the catchment
scale, the composition and concentration of DOC can be diverse, operating as sources
or sinks for C throughout their aquatic and terrestrial ecosystems (Andrews et al.,
2011). Over time on the regional scale, sinks can become sources due to long-term
drivers, thus contributing to the growing flux of CO2 into the atmosphere (Freeman
et al., 2001).
One of the biggest challenges in understanding DOC mobility has been in link-
ing regional trends to specific processes on the catchment and macro to molecular
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Figure 1.1.1: Combining data-driven and experimental lab approaches to investigate differ-
ent scales of study
scale. While experimental studies reduce complexity by isolating specific processes,
observations from experimental studies might not always be validated in field studies
(Kalbitz et al., 2000). For example, while in laboratory experiments pH was identified
as a critical driver for DOC mobilization (NYSERDA, 2015), pH appeared to have
minimal effect in a catchment wide study (Hruska et al., 2009). Furthermore, site-
specific findings have limitations if the scale of the problem (e.g. regional deposition
trends) transcends the bounds of a single study site.
In this study, I examine both the potential long-term drivers of DOC mobilization
from forested headwater catchments, as well as the attributes (i.e. characteristics) of
catchments that govern DOC mobilization. For this, I use an integrative approach
that combines data-driven assessments of regional trends to examine regional pat-
terns, with laboratory experiments that isolate specific variables and test specific
processes (Figure 2.1.1). For my data-driven assessment, I use non-parametric sta-
tistical methods to quantity long-term trends using stream and deposition data from
across the Northeast, available in the Catchment Attributes and Meteorology for
Large Sample Studies (CAMELS) data set. By doing so, I test the hypothesis that
i) reduction from acidification is the principal long-term external driver of increasing
DOC in acid-impacted headwater catchments and ii) the degree of response is a func-
tion of individual catchment attributes such as topography and soil properties. This
regional statistical analysis is complemented with experiments on in-tact soil cores
from Susquehanna Shale Hills Critical Zone Observatory (SSHCZO) and the Sleepers
River Research Watershed (SRRW) to test the hypothesis that iii) decreasing the
2
acidity and ionic strength (IS) of soil solution leads to the destabilization of soil ag-
gregates, thus increasing DOC in soil solution. Testing these hypotheses in unison
allows us to address issues of continuity and scaling that have otherwise largely been
ignored.
1.2 DOC and the importance of solution chemistry
Operationally, DOC is defined as the fraction of organic C that passes through
a filter with µm pore size (often 0.45µm). It is a measure of the dissolved organic
load in water from simple organic molecules such as proteins, to much more complex
molecules like humic and fulvic acids (Thurman, 2012). In most natural waters, DOC
behaves either as dissolved individual ions or colloids. These colloids are coagulated
humic acids, that is, polymeric organic acids with abundant hydroxyl, phenolic, and
carboxylic functional groups (Thurman, 2012). Under the standard pH conditions
of natural waters (6 < pH < 8), carboxylic functional groups dissociate, releasing a
hydrogen ion into solution thereby giving DOC overall a net negative charge (Equation
1).
R−COOH −−⇀↽− R−COO− + H+ (1)
The anionic characteristics of DOC in natural waters are what govern its solubility
and binding capacity. DOC often acts as a co-solvent in water, forming complexes
with clay minerals and aluminum/iron oxides, as well as chelating toxic heavy metals.
The role of DOC as a co-solvent is significant as metals, such as iron, only ever
really stay suspended in natural waters because of the complexes they form with the
organic ligands in DOC colloids (Gschwend and Schwarzenbach, 1992). The exact
mechanisms by which DOC binds to minerals, oxides and metals depend on solution
chemistry, especially IS, ion content, and pH . For example, under high IS conditions,
the charged layer around an ion known as the diffuse double layer can compress,
resulting in greater attractive forces than repulsive forces (Derjaguin and Landau,
1941). The higher charge density therefore leads to coagulation and the stabilization
of colloidal and aggregate associations (Lagaly, 2006; Monteith et al., 2007).
The types of ions present in solution are important as well, as the presence of
polyvalent cations (eg. Ca2+) in solution promotes stronger bonds between nega-
tively charged surfaces (i.e. clay minerals and DOC) via cation bridging (Iskrenova-
Tchoukova et al., 2010). A cation’s ability to promote aggregation is defined by the
3
Figure 1.2.1: DOC sorption mechanisms on colloid surfaces. The most influential parame-
ters are written in italic (Philippe and Schaumann, 2014).
Hofmeister series, originally ordered by an ions ability to denature proteins: Ca2+ >
Mg2+ > K+ > Na+ (Amezketa, 1999).
The importance of pH in DOC stability is a product of its ability to control pref-
erential conditions for different types of sorption processes (Figure 1.2.1). Changes
in pH shift the electrostatic charge that stimulates attraction and repulsion forces.
Under relatively low pH conditions, heightened proton concentration and the strong
polarization of cations can increase adsorption forces between the cation species and
clay particles. As a result, the electrostatic repulsive force between adjacent colloidal
particles decreases, thereby increasing aggregate stability (Gschwend and Schwarzen-
bach, 1992). Furthermore, DOC adsorption by Al-Fe oxides becomes a more dominant
stabilizing mechanism under low pH conditions, thereby enhancing long-term aggre-
gate stability and reducing DOC in solution (Philippe and Schaumann, 2014). This
process of stabilization is reversed when pH increases and DOC functional groups
become deprotonated which further increases solubility.
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1.3 Sources, sinks and transport processes
The sources of DOC in natural waters can be broadly placed into one of three cate-
gories: i) allochthonous sources derived from terrestrial ecosystems, ii) autochthonous
sources derived from in-situ production, and iii) anthropogenic sources derived from
human activity (Kalbitz et al., 2000). In forested headwater catchments, the majority
of DOC is derived from allochthonous sources, the most notable of which is soil or-
ganic matter (SOM). SOM is one of the largest terrestrial reservoirs of C in the global
C cycle (Bouwman and Sombroek, 1990) and consists of partially decomposed organic
residue, biomass and humic substances that accumulate in the top soil horizons (Mc-
Dowell and Likens, 1988). While there is also SOM in the lower soil horizons leached
from top horizons or via deep root exudates, overall the organic matter content is
significantly lower (Rumpel and Kögel-Knabner, 2011).
The production of DOC in soil solution is limited by the stability of the SOM
pool from which it is sourced. SOM stability is regulated through three main mecha-
nisms, chemical stabilization, biochemical stabilization, and physical protection (Fig-
ure 1.3.1) (Six et al., 2002). Through chemical stabilization, organic material adsorbs
to the surface of soil particles (i.e. clay and silt) as a function of weak ion exchange,
hydrogen bonding and electrostatic interactions. Because of the high specific surface
area (SSA) and cation exchange capacity (CEC), clays and clay minerals have a high
affinity for binding with SOM (Kahle et al., 2003).
Biochemical stabilization refers to inherent resistivity against microbial processing
due to a suspected inherent recalcitrance of certain molecules. This mechanism of
selective preservation is increasingly challenged however, especially its role in long-
term stabilization dynamics (Marschner et al., 2008; Schmidt et al., 2011; Kleber
et al., 2011; Dungait et al., 2012). The third mechanism is physical protection, where
SOM is occluded within soil microaggregates (<250µm). This mechanism is noted
as one of the most important ways by which organic material is retained in the soil
column and is considered to be one of the most stable pools of SOM, however our
understanding of formation and degradation of microaggregates is still limited (Six
et al., 2002; Sollins et al., 1996).
Furthermore, the production of DOC from SOM is regulated by a number of
factors including soil temperature, controlling rates of microbial processing (Wen
et al., 2020) and soil moisture. For example, dry soil limits microbial processing and
DOC production while intermediate soil moisture conditions promote DOC processing
5
Figure 1.3.1: Conceptual model of SOM pools and processes such as aggregate forma-
tion/degradation, SOM adsorption/desorption and SOM condensation/complexation (Six
et al., 2002).
losses as CO2 (Moyano et al., 2013). Under saturated, high soil mositure conditions,
anoxic conditions are induced, supressing aerobe microbial respiration and C losses to
the atmosphere (Huang and Hall, 2017). Accordingly, anoxic, water saturated systems
such as wetlands and peatlands constitute some of the largest SOM sinks (Nahlik and
Fennessy, 2016). These environmental conditions often vary with landscape position
and season and underline the need for a comprehensive assessment of DOC dynamics
in this context.
DOC is mobilized through accessible hydrologic flowpaths as a result of precipi-
tation and, in snow-dominated systems, during snowmelt. During winter months of
upland and snow-dominated catchments, export of soil water can be limited which
allows for soil solution to accumulate DOC. Once the snow melts, DOC is flushed
from shallow soil layers into the nearby streams (Boyer et al., 1997). This positively
correlated relationship between DOC concentration and discharge (Q) is denoted as
exhibiting “flushing” behavior, that is, when the mobilization of DOC is considered
transport limited. Across many catchments, the predominance of flushing behavior,
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particularly during high flow events, is evidence of the crucial role of hydrology in
DOC mobility (Raymond et al., 2016; Moatar et al., 2017). However, not all catch-
ments exhibit the same concentration Q relationships. In SSHCZO for example,
under high flow conditions DOC concentrations decreased, exhibiting “dilution” be-
havior (Wen et al., 2020). Dilution behavior, in contrast with flushing, is when DOC
is source limited. The lack of consistency in DOC concentration Q relationships is
a product of the spatial heterogeneity in SOM as well as hydrological connectivity
(Bernhardt et al., 2017).
1.4 Spatial distribution
In forested headwater catchments, the spatial distribution of SOM is heteroge-
neous, with certain landscape positions contributing disproportionately to production
and/or transport of DOC. In previous literature, these types of landscape positions
have either been denoted as “hot spots” (McClain et al., 2003) or “ecosystem control
points” (Bernhardt et al., 2017). While “hot spots” provide a general definition for
patches within a catchment that disproportionately impact biogeochemical reactions,
“ecosystem control points” outline clear qualifications for the nuanced mechanisms by
which they are defined. The four types of control points (permanent, activated, ex-
port and transport) incorporate spatial and temporal dynamics simultaneously and
exhibit either high rates of biogeochemical activity and/or exceptional hydrologic
connectivity (Figure 1.4.1)(Bernhardt et al., 2017).
Permanent control points are defined as landscape positions that are consistently
hydrologically connected to streams and have the suitable environmental conditions
for a continuous supply of DOC. Riparian zones are a great example of permanent
control points, as they have organic rich soils and a strong influence on water and
solute inputs to nearby surface waters, despite covering only a small area within the
catchment (Bernhardt et al., 2017). Concave hillslopes, more commonly referred to as
swales, can also be an example of permanent control points, as they are conducive to
both higher organic material accumulation and hydrological activity (Andrews et al.,
2011). Export control points are similar to permanent control points in that they
have the correct biogeochemical for DOC production, however they lack hydrologic
connectivity. As a result, they are prone to accumulating DOC until a major hydro-
logic event is able to mobilize it. A good example of an export control point is a
distal wetlands with anoxic soil solution conditions.
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Figure 1.4.1: Conceptual (machine-metaphor) model of the four types of ecosystem control
points: Permanent, activated, export and transport. (Bernhardt et al., 2017).
Activated control points are defined as those that can contribute to DOC produc-
tion only when one or more limiting factors are increased. Nitrogen for example, can
be a limiting factor with the capacity to impact the production and storage of C in
soils (Tateno and Chapin Iii, 1997). Lastly, transport control points are landscape
positions with exceptional capacity to transport DOC to the steams, but that lack
the ability to produce a constant supply. Classic anthropogenic examples of trans-
port control points include tile drains and stormwater pipes. In forested catchments,
macropore flowpaths within soils are some of the most common examples of transport
control points (Bundt et al., 2001).
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1.5 Environmental drivers
Long-term watershed monitoring indicates that in the past few decades, DOC flux
has been increasing in forested headwater streams throughout the Northeast United
States, as well as central and northern Europe (De Wit et al., 2007; Worrall et al.,
2003). Using what is known about the chemistry, sources, and transport of DOC,
a number of hypotheses have been put forward to explain the direct and indirect
drivers of these trends (Figure 1.5.1). An example of one such driver is rising global
temperatures (Worrall et al., 2003), however laboratory and field studies suggest that
DOC sensitivity to temperature is too low to fully account for the major increases
in DOC being observed (Pastor et al., 2003; Freeman et al., 2001). Increasing Q has
also been proposed as a driver (Freeman et al., 2001), however not all catchments
exhibit flushing behavior (Wen et al., 2020) and in some catchments where increasing
DOC was identified, no relations to Q trends were found (Evans et al., 2002; Worrall
et al., 2003). Other drivers such as elevated atmospheric CO2 (Freeman et al., 2004),
prolonged summer droughts (Evans et al., 2005), and increasing nitrogen deposition
(Findlay, 2005) have been suggested, however, the most important driver is reduction
in acid deposition (Burns et al., 2006; De Wit et al., 2007; Driscoll et al., 2003; Hruska
et al., 2009; Monteith et al., 2007; SanClements et al., 2018).
In the United States, the reduction in acid deposition followed the implementa-
tion of Phase I of Title IV of the Clean Air Act Amendments of 1990, where sulfur
dioxide (SO2) and nitrogen oxide (NOx) emissions in the United States were regu-
lated. Although the results of this act were variable across the Continental United
States, the Northeast experienced clear reductions of SO24− wet deposition (i.e. acid
rain) (Lynch et al., 2000), resulting in declines in soil solution acidity and IS around
the same time as increases in DOC were being observed. Some catchments that have
undergone recovery from acidification show no changes in DOC however (Löfgren and
Zetterberg, 2011), while others have shown to be increasing in DOC despite lack of
recovery (Oni et al., 2013). Additionally, the specific mechanisms that surmise the
reduction from acid deposition hypothesis lack consensus. While it is suggested by
some that increasing soil solution pH as dominant driver (Evans et al., 2012), others
contend decreasing IS as more important (Hruska et al., 2009).
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Figure 1.5.1: Summary of DOC drivers uncovered in both laboratory and field observations
(Kalbitz et al., 2000).
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Chapter 2: Drivers of Dissolved Organic Carbon
Mobilization From Forested Headwater
Catchments: A Multi-Scaled Approach
(Submitted to Frontiers in Water)
Abstract
Variability in export of dissolved organic carbon (DOC) from forested headwater catch-
ments has been attributed to an array of hydrologic, biotic and geochemical drivers. In the
Northeast United States specifically, one of the most commonly cited drivers is recovery
from acid rain. A major challenge in understanding DOC dynamics has been relating long-
term regional trends and patterns to catchment-scale processes and we address this chal-
lenge by integrating data driven and experimental methods to analyze trends and processes
across spatial scales. On the regional scale, we quantify long-term trends of stream DOC
concentrations in USGS headwater catchments with flow adjusted Seasonal Kendall tests.
We then compared trend results to catchment attributes compiled in a comprehensive and
publicly available dataset (i.e. Catchment Attributes and MEteorology for Large-sample
Studies (CAMELS)). Our trend analyses showed notable spatial and temporal variability in
export patterns across the Northeast United States. Only for data prior to 2004 increasing
stream DOC correlated with decreasing atmospheric sulfate (SO2−4 ) deposition, confirming
a transient effect of recovery from acidification. Investigation of climatic, topographic and
hydrologic catchment attributes vs. directionality of DOC indicated that soil depth and
catchment connectivity as additional driver of DOC exports.
At the catchment scale, we tested specific process hypotheses on the role of changes
in rain composition (ionic strength (IS) and pH variations) on soils in highly connected
riparian vs. disconnected hillslope soils. We performed leaching experiments in replicate
on top-soil cores from two forested headwater catchments in the Northeast, the SSHCZO
in Pennsylvania and the SRRW in Vermont. These catchments were subjected to SO2−4
deposition and are now recovering. Compared to SSHCZO, SRRW soils released more
DOC under neutral pH and low IS conditions (i.e. recovering conditions); scanning electron
microscope imaging indicates a significant DOC contribution from destabilizing soil aggre-
gates. Furthermore, soils from less hydrologically connected landscape positions released
significantly more DOC in most cases, confirming the important role landscape position in
DOC generation. Overall, our results at regional and local scales are consistent and link
local process explanations to regional patterns.
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2.1 Introduction
Stream dissolved organic carbon (DOC) (Stoddard et al., 2003) is one of the
largest and most bioavailable sources of carbon and a major component in the flow of
energy and nutrients through ecosystems (Schiff et al., 1990). DOC attenuates light
in the water column (Laurion et al., 1997), increases the mobility of trace pollutants
and heavy metals (Gschwend and Schwarzenbach, 1992), catalyzes the formation of
carcinogenic trihalomethanes in chlorinated waters (Chow et al., 2003) and is readily
processed by microorganisms that can transform complex organic molecules into the
greenhouse gas CO2 (Gmach et al., 2020).
In forested headwater catchments, DOC supply is primarily controlled by soil
organic matter (SOM) dynamics, most importantly SOM stability. For example,
SOM can be stabilized chemically, through adsorption on soil particles (i.e. clay
and silt) (Perdrial et al., 2010; Six et al., 2002) or physically, through the occlusion
within soil micro-aggregates (<250-µm) that limit microbial processing (Kleber and
Johnson, 2010; Li et al., 2017; Mikutta et al., 2006; Schmidt et al., 2011). The latter
is also regulated by soil temperature and moisture (Wen et al., 2020). Favorable
soil moisture conditions promote microbial DOC processing leading to losses to the
atmosphere as CO2 and reducing DOC concentrations in soil solution (Moyano et al.,
2013), while very wet conditions suppress aerobic DOC respiration leading to DOC
accumulation (Huang and Hall, 2017).
Soil derived DOC is commonly flushed into streams in response to precipitation
and, in snow-dominated systems, during snowmelt (Boyer et al., 1997; Moatar et al.,
2017; Raymond and Saiers, 2010; Wilson et al., 2013; Zarnetske et al., 2018). This
hydrological control is embedded in the broader context of spatial and temporal vari-
ability of catchment processes, hence why there is variability in stream DOC contribu-
tions from different catchment areas. The concept of ecosystem control points is very
useful in exemplifying this heterogeneity because variable importance of DOC sup-
ply vs. transport is acknowledged (Bernhardt et al., 2017). For example, catchment
locations such as planar hillslopes accumulate materials until they are hydrologically
connected and episodically flushed (export control points) and lead to high temporal
variability in DOC exports in streams during events. In contrast, locations such as
riparian zones and swales exhibit high degrees of biogeochemical activity and near
continuous connectivity to the stream (permanent control points) and the ensuing
impact on steam DOC is more continuous.
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Over the last few decades, a number of studies reported increased levels of DOC in
forested streams across the northern hemisphere (Monteith et al., 2007; Porcal et al.,
2009), and while the issue is widely studied, a consensus on drivers is lacking. Rising
global temperatures (Worrall et al., 2003), prolonged summer droughts (Evans et al.,
2005), elevated atmospheric CO2 (Freeman et al., 2004), and increasing discharge (Q)
(Freeman et al., 2001), have all been suggested as drivers, however the most commonly
cited is recovery from acidification (Burns et al., 2006; De Wit et al., 2007; Driscoll
et al., 2003; Hruska et al., 2009; Monteith et al., 2007; SanClements et al., 2018).
While the predominance of this driver has gained traction, some catchments have
shown increases in DOC concentration despite a lack of acidification recovery (Oni
et al., 2013), while others showed acid recovery signs, without attendant increases in
DOC (Löfgren and Zetterberg, 2011). These discrepancies may in part be due to the
fact that comparing studies that examine DOC trends can often be complicated by
differences in record length and methods of reporting (Eimers et al., 2008). Since DOC
is often Q controlled, studies increasingly used flow-adjusted DOC concentrations
(DOCF A) or fluxes in their assessment (Burns et al., 2006).
These findings indicate that a i) variety of drivers can independently or in combi-
nation lead to DOC increases and/or ii) the same driver can lead to variety of stream
DOC responses. In the case of Northeastern catchments, for example, both increased
heavy precipitation and recovery from acidification could lead to increased exports
of DOC, as shown in a long-term, paired catchment study from SanClements et al.,
(2018) (SanClements et al., 2018). In this study, one catchment received continuous
acid treatment while the other was allowed to recover from acidification. The latter
catchment exported significantly more DOC, indicating a strong effect of recovery
from acidification; however, the temporal variability in DOC exports for both catch-
ments was high due to shifts in precipitation patterns. In contrast, Clark et al., (2010)
noted that catchment specific characteristics likely drive differences in DOC export
patterns in areas that receive similar acid loadings (Clark et al., 2010). The authors
also note that spatiotemporal variability of drivers vs. DOC response needs to be
investigated more carefully on long-term datasets, taking into account that seasonal,
short-term inter-annual and longer-term temporal variation interact in complex ways.
Furthermore, commonly cited drivers for shifts in stream DOC operate at global to
regional land scales and transcend the bounds of single catchments, thus these dy-
namics should be investigated at the regional scale.
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The objective of our study is therefore to investigate drivers for DOC dynamics
and catchment specific responses across scales using a combination of statistical and
process-based tools. We focus on DOC export patterns of forested headwater catch-
ment in the Northeastern United States to restrict potential drivers to recovery from
acidification. In order to detect trends in long-term data across this area we use sta-
tistical methods on flow adjusted stream data and sulfate (SO2−4 ) deposition data. To
detect specific catchment attributes modulating these trends, we analyze catchment
attributes from the Catchment Attributes and MEteorology for Large-sample Studies
(CAMELS) data set in the context of trend directionality (Addor et al., 2017). To in-
vestigate catchment specific soil processes, we complement our investigation with soil
core experiments from locations with opposite long-term DOC trends (Susquehanna
Shale Hills Critical Zone Observatory (SSHCZO) and the Sleepers River Research Wa-
tershed (SRRW)). With this integrative pattern and process investigative approach
we test the following hypotheses:
1. Recovery from acidification is the principal driver of increasing DOC in acid-
impacted headwater catchments and catchment attributes linked to DOC pro-
duction and transport modulate this response (hypothesis 1).
2. Locations with strong response to recovery from acidification show destabiliza-
tion of soil aggregates in simulated recovery solutions (hypothesis 2).
Figure 2.1.1: Combining data-driven and experimental lab approaches to investigate differ-
ent scales of study
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2.2 Methods and Materials
2.2.1 Long-Term Trend Analyses at the Regional Scale
Site Selection
To address hypotheses (i) and (ii), we leveraged recently-developed CAMELS-
Chem dataset that complements the existing CAMELS data set with additional at-
mospheric deposition and water chemistry data for 671 catchments, 499 of which
are greater than 50% forest cover (Sterle et al., 2020 in press). The stream chemistry
record ranges from 1980 to 2019 but length of record varies for individual catchments.
For this study, we constrained the dataset to forested headwater catchments in the
Northeastern United States to exclude land cover drivers from our analyses (Figure
2.2.1). Within the Northeast, we selected catchments according to their length of
available stream DOC and Q records (at least five sequential years) and the density
of the records (i.e. no gaps greater than 1/3rd of the total record length) (Meals
et al., 2011). Once we identified suitable catchments, we compiled all available DOC,
Q and SO2−4 deposition (ppm) records from said catchments for trend and statistical
analyses.
Figure 2.2.1: Northeastern headwater catchments in the CAMELS-Chem dataset selected
for long-term trend analyses. For full gauge names and gauge numbers see Table 2.3.1
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Flow-Adjusted Concentration Data
We flow-adjusted time series of stream DOC concentration data for each selected
catchment to remove signals of varying Q conditions. This method has been used
in a number of studies that sought to describe temporal trends in stream chemistry
constituents that are often confounded by varying streamflow conditions (Bekele and
McFarland, 2004; Helsel and Hirsch, 2002; Hirsch and Slack, 1984). We first regressed
log-transformed DOC concentrations on log-Q data, applying a Locally Weighted
Scatterplot Smoothing (LOWESS) algorithm and extracted the residuals. For each
regression fit, we used a smoothing pattern coefficient of 0.67. One of the benefits
of this technique is that a LOWESS model does not assume linearity or normality
in the data, therefore not limiting the concentration-discharge relationship in each
catchment to one specific model. We then reordered residuals from the LOWESS
fit, also termed flow-adjusted DOC (DOCF A) concentrations, based on the date/time
stamp associated with each observation, and performed a monotonic trend analysis
on these residuals.
Change Point Detection
A Pettitt test was also applied to DOCF A concentrations to identify any threshold
effects in trend that would otherwise be glossed over by simply identifying monotonic
trends. The Pettitt test is a non-parametric technique used to identify a single change
point in continuous time series data (Pettitt, 1979). This test has been used in a num-
ber of studies to detect abrupt changes in hydrologic and climatic variables such as
precipitation (Busuioc and Storch, 1996), flood peaks (Liu et al., 2012) and temper-
ature (Wijngaard et al., 2003).
Seasonal Kendall Statistical Test
With both DOCF A and SO2−4 deposition, seasonal Kendall tests were implemented
to determine the directionality of the aquatic and atmospheric trends per catchment.
A seasonal Kendall test is a widely used non-parametric monotonic statistical tech-
nique for detecting trends in time series (Hirsch and Slack, 1984). In this setting,
it indicates whether DOCF A, independent of seasonal variability, is increasing or de-
creasing over time. The product is the normalized test statistic, Kendalls tau, which
ranges from -1 to 1. For this analysis, we define “positive trends” as those with a tau
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value greater than 0.05 and significant beyond an associated alpha threshold of 0.05.
“Negative trends” are defined as having a tau value less than -0.05 with an alpha
threshold of 0.05; and “no trends” are defined as any results that do not meet the
requirements of positive or negative trends.
2.2.2 Experiments on select catchment soils
Description of Field Sites
To test specific hypotheses on the impact of soil solution and landscape position
on DOC dynamics, we sampled soils from two forested headwater catchments for
experimentation (Figure 2.2.2). The SHHCZO is a 0.08km2 forested catchment lo-
cated in central Pennsylvania in close proximity to Young Woman’s Creek (YWC)
(Figure 2.2.1). The catchment is underlain by thick shale and is a first order basin
with steep south- and north-facing slopes (25-35%) and narrow ridges. With large
seasonal differences, the SSHCZO has a mean annual temperature of ~9.8oC and a
humid continental climate. Mean annual precipitation averages 1029 mm per year
and is characterized as acidic (pH~4) (Wen et al., 2020). The soils are derived from
colluvium and/or residuum from the underlying shale formation and are Inceptisols
and Ultisols with primarily silt loam shallow horizons and a 3-5cm organic layer con-
taining decaying leaf litter (Giardino and Houser, 2015). A number of studies focused
on the cycling of DOC have used the SSHCZO including Andrews et al (2011), which
identified hot spots and hot moments of DOC transport, and Bao et al (2017), which
developed a reactive transport model (RTM) to predict DOC flux (Wen et al., 2020;
Bao et al., 2017).
The SRRW, as defined in this study, is a 0.41 km2 completely forested headwater
subcatchment located in eastern Vermont (Figure 2.2.2). It is underlain by calcareous
granulite and quartz mica phyllite with a forest cover of primarily northern hardwoods
such as beech, maple, birch and ash (Shanley et al., 2004). The catchment encom-
passes three tributary streams that begin at headwater swamps and move through
steep terrain and mid-elevation benches before meeting in an intersection of slopes at
the base of the catchment. The main soil types are Spodosols and Inceptisols in the
uplands and Histosols in the lowlands (Kendall et al., 1999).
Soil Core Sampling
In both the SHHCZO and SRRW catchments, soil cores and samples were collected
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Figure 2.2.2: Location of Field Sites (SRRW map derived from (Shanley et al., 2015) and
SSHCZO map derived from (Bao et al., 2017).
from the top 10-cm of soil profile (O/A Horizons) in either swales or planar hillslopes.
Soil cores collected for the stop-flow experiment were acquired by hammering 2-in
inner diameter PVC pipes with beveled bottoms 10-cm into the soil profile after
having first removed any leaf litter. The cores were then gently dug out of the soil
profile and capped so as not lose any loose material before being put into a cooler
with ice for transport. The stop-flow experiments were run within 24-hrs of sample
collection (Supplementary Figure 4.0.1).
Soil samples collected for micro-aggregate separation were acquired for fall sam-
ples from the top 10-cm of the soil horizon in plastic bags and also stored in the cooler
for transport before being air-dried. For those experiments designated as occurring
in the spring, soil cores were collected from SHHCZO on May 28th, 2019 and SRRW
on June 10th, 2019. For the fall experiments, soil cores and samples were collected
from SHHCZO on November 8th and SRRW on November 17th.
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Experimental approach Examining Micro-scale DOC Dynamics
We conducted stop-flow experiments on soil cores sampled during both the spring
and fall seasons to account for seasonal variability. Within each catchment, 12 soil
cores were extracted from a swale and six from a planar hillslope, before being treated
with one of two simplified laboratory solutions (the acidification solution or recovery
solution). The “acidification” solution, simulating acid deposition conditions, had a
pH of 3 and an IS of 0.01M. The “recovery” solution, simulating absence of anthro-
pogenic acids, had a pH of 5.3 and an low IS. For each core, 120-ml of the selected
solution was poured in from the top and allowed to saturate the core for five min-
utes. A valve at the bottom of core was then opened, allowing any effluent to drain
into a collection vessel for four minutes. Once four minutes had surpassed, the valve
was closed, the now filled collection vessel was replaced with an empty one, and the
saturation and draining process was repeated three more times. Within 24-hrs of
the experiment, the effluent in each collection vessel was filtered through 0.45-µm
polyethersulfone filter before being transferred into combusted amber glass bottles
for analysis.
We performed an additional batch experiment with isolated soil micro-aggregates
to test specific hypotheses on aggregate break up. To isolate the micro-aggregates,
air-dried soil samples were sieved and the fraction smaller than 250-µm and larger
than 63-µm was collected. Once isolated, soil aggregates were saturated with one of
the two laboratory solutions at a 1:5 aggregate to solution ratio by mass and slowly
shaken for nine minutes. The aggregates and solution were then gently separated by
filtration using a 0.45-µm polyethersulfone filter and a low vacuum pressure.
2.2.3 Laboratory Analysis
To characterize the solid C content in SOM for sites without previous data, we
analyzed soil samples collected from representative locations at SRRW for total or-
ganic C content (TOC % w/w, note SSHCZO data is available). For this, we air-dried
samples, sieved through a 2-mm mesh, homogenized using a ball mill and analyzed
duplicate samples using a combustion-based elemental analyzer in the Geology Stable
Isotope Lab at the University of Vermont. Resulting percent C values were compared
to standards (B2150 for high organic content sediment standard and B2152 for low
organic content soil standard) provided by Elemental Microanalysis Limited.
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We characterized aggregates from our batch experiments for changes in size, mor-
phology and composition using a VEGA3 TESCAN Scanning Electron Microscope
(SEM) and AZtec Elemental Mapping software. We mounted dried aggregates care-
fully with double-sided carbon tape on metal stubs and sputter-coated with carbon
before visualizing. Because backscattered electron (BSE) SEM mode captures elec-
tron density differences well, we used this mode to identify denser mineral grains
vs. less dense organic material. BSE was acquired at 5 keV acceleration voltage;
and energy-dispersive spectroscopy (EDS) maps were acquired for five minutes with
a probe resolution of 15-mm. To compare aggregate size between samples and treat-
ments, we took images at the same magnification (100x) and used Image analyses
software (ImageJ) to quantify particle size distribution. This was achieved by con-
verting 100x magnification images of aggregate clusters to binary, scaling, and using
the âanalyze particlesâ function with a minimum area set at 1500 Âľm2 and excluding
particles that touch the image edges.
We analyzed effluent samples from full soil core experiments for DOC using a
Total Organic Carbon Analyzer (Shimadzu, Columbia, MD, USA) within 24-hrs after
collection. To allow for assessment of total DOC release over the entire experiment,
we calculated cumulative DOC release; and to allow for comparison between cores,
we normalized to solution and soil amount as shown in Equation 2.
DOC [mg/kg] = (DOC[mg/L]) × (L of Effluent Solution) / (kg of Dry Soil) (2)
To determine significant differences in the cumulative amount of DOC released by
categorical independent variables such as treatment and landscape position, Kruskal-
Wallis tests were performed. For categorical variables that showed significant results
as defined by an alpha threshold of 0.05, a post-hoc Dunn test was used to identify
which groups differed from each other group. These statistical tests were also used
to determine significant differences in aggregate sizes in the SEM images after the
ImageJ particle size distribution analysis was utilized.
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2.3 Results
2.3.1 Regional Long-Term Trend Analysis
In the Northeastern United States, nine catchments were identified as having
sufficient decadal records of DOC and instantaneous Q to complete our analyses
(Table 2.3.1 and Figure 2.3.1). Of these catchments, six had records that spanned
from the 1990s to late 2010s, while three had more limited records between 2003
and 2018 (Figure 2.3.2). We detected change points for several catchments ranging
from the late 1990s and early 2000s (Biscuit Brooks (BB), McDonalds Branch (MB)
and Neversink River (NR)) to very recent (2015 for Choptank River (CR)). However,
change points depended strongly on the length of records, and catchments with longer
records exhibited more variability and some had multiple change points.
Due to the difference in length of record per catchment, we divided the seasonal
Kendall tests between two periods of time, before 2004 and after 2004 (Figure 2.3.2),
which serves as an average change point across the region. Of the six catchments
for which seasonal Kendall tests were run between 1990s and 2003, three exhibited
increasing DOCF A trends (BB, MDB, and SRRW) while no trend could be confirmed
in other three (Flat Brook (FB), Green River (GR), and NR). Between 2004 and
2018, some of the trends in these catchments changed such as BB, which now showed
decreasing DOCF A and MDB which showed no trend. Overall, between 2004 and
2018, three catchments exhibited increasing DOCF A trends (CR, FB, and SRRW), two
catchments exhibited no trend (MDB, NR and GR), and remaining three exhibited
decreasing trends (BB, Wild River (WR), Young Woman’s Creek (YWC)).
Table 2.3.1: Catchment DOC records and change dates
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Figure 2.3.1: Long-Term trends in DOCF A across Northeastern catchments. Positive trends
shaded in green, negative trends shaded in red, no trend shaded in gray.
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Figure 2.3.2: Directionality of catchment DOCF A trends prior to (n=5) and after (n=9)
2004.
Just as with DOC, wet SO2−4 deposition trends were broken up between two pe-
riods of time, before and after 2004. Prior to 2004, correlations between wet SO2−4
deposition trends and DOCF A trends were significant (spearman correlation coeffi-
cient (r) = -0.66), in contrast, after 2004 there was no clear correlation (r = 0.00)
(Figure 2.3.3). To test for connections between catchment attributes and directional-
ity of DOCF A trends, we correlated data after 2004 for all locations and determined
the spearman correlation coefficient (Figure 2.3.3). Of the climatic indices included in
the CAMELS dataset, directionality of DOCF A trends correlated inversely with snow
fraction (r = -0.85) and positively with frequency of high precipitation events (i.e.
events that are five times greater than the mean daily precipitation, r = 0.82). Of the
topographic indices, DOCF A correlated positively with soil depth (m, r = 0.79) and
inversely with mean slope (m/km, r = -0.74) and of the hydrological indices DOCF A
correlated inversely with the frequency of high Q events (i.e. events nine time greater
than the median daily flow, r = -0.81).
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Figure 2.3.3: Relationship between the change in DOCF A and SO2−4 prior to and after 2004.
Figure 2.3.4: Correlations between DOCF A trends (2004-2018) and select catchment at-
tributes grouped as climatic indices, topographic indices, and hydrologic indices. Color of
each catchment label is associated with the directionality of its trend (Red=negative, grey=no
trend, green=positive).
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2.3.2 Full soil core experiments at SHHCZO and SRRW
Results of the TOC analysis indicate that TOC content in SRRW soils are variable
across landscape positions and season. In the top 10cm of the swale, TOC was ~15%
w/w TOC in spring and ~5% w/w TOC in the fall. This is in contrast with the pla-
nar hillslope which exhibited ~8% w/w TOC in the spring and ~5% w/w TOC in the
fall (Supplementary Figure 4.0.3). The cumulative effluent released from soil cores
was variable across catchments, landscape positions, seasons and treatment. During
the spring season in SRRW, soil cores applied with the recovery treatment released
more DOC (14.07±14.27 mg/kg) in comparison to those applied with the acidifica-
tion (6.95±7.53mg/kg) treatment. During the spring, planar hillslopes consistently
leached significantly more DOC (17.66±8.57 mg/kg) than swales (4.94±8.98 mg/kg)
(Figure 4a). In the fall season experiments, we saw similar results with the soil cores
that underwent the recovery treatment releasing more DOC (18.21±15.45 mg/kg)
than the acidification (14.46±18.07 mg/kg) treatments. The results are consistent
spatially as well with planar hillslopes releasing more DOC (17.96±15.10 mg/kg)
than the swales (11.89±14.19 mg/kg).
Figure 2.3.5: Cumulative effluent from leaching experiments
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During the spring season in SHHCZO, soil cores applied with the recovery treat-
ment released more DOC (6.30±2.43 mg/kg) in comparison to those applied with the
acidification (4.79±2.15) treatments. During the spring, planar hillslopes consistently
leached significantly more DOC (6.77±1.84 mg/kg) than swales (4.95±2.44 mg/kg)
(Figure 4a). In the fall season experiments, we saw very different results with the soil
cores that underwent the recovery treatment releasing less DOC (5.04±3.94 mg/kg)
than the acidification treatment (9.65±8.63). The results were spatially consistent
with the planar hillslope releasing more DOC (11.85±7.40 mg/kg) than the swales
(4.17±2.72).
2.3.3 Batch experiment on separated aggregates
The results of the SEM analysis showed differences in aggregate size and mor-
phology by location, landscape position and treatment (Figure 2.3.6 & 2.3.7). The
SRRW aggregates in both landscape positions showed heterogeneous associations of
larger angular fragments (likely primary minerals) and finer grained materials. Com-
pared to aggregates after acidification treatment, aggregates after recovery treatment
appear smaller (e.g. Figure 2.3.6 B & E) and surface coatings of angular fragments
appear removed (e.g. Figure 2.3.6 E). Particle size distribution from image analyses
furthermore indicated significant smaller sizes especially for swale aggregates (Figure
2.3.6 D). Aggregates size after acidification treatment sowed two maxima (~75-µm
and 230-µm) while aggregates after recovery treatment lack the second maximum.
Aggregate constituents from SHHCZO are homogeneously fine-grained and present
elongated particles (likely fine roots) in both landscape positions. Treatment with
recovery solutions produced some finer materials (Figure 2.3.7 B & E), however, the
integrity of most aggregates appears intact. Aggregate size distribution shows a shift
from slightly larger aggregates after acidification to smaller after recovery treatment
especially for swale aggregates (Figure 2.3.7 C). The pattern is slightly more complex
for planar hillslope spoils with a light increase in larger aggregates after recovery treat-
ment (Figure 2.3.7 D), however, shifts in aggregate size due to solution composition
are generally less pronounced than for SRRW soils.
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Figure 2.3.6: Secondary electron scanning electron microscopy (SE SEM) images of soil ag-
gregates taken from a swale (A & B) and planar hillslope (D & E) in SRRW after treatment
with laboratory acidification (A & D) and recovery (B & E) solutions. Kernel density plots
for aggregate size distribution for swale (C) and planar hillslope (F) aggregates are derived
from representative image analyzes.
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Figure 2.3.7: Secondary electron scanning electron microscopy (SE SEM) images of soil
aggregates taken from a swale (A & B) and planar hillslope (D & E) in SS after treatment
with laboratory acidification (A & D) and recovery (B & E) solutions. Kernel density plots
for aggregate size distribution for swale (C) and planar hillslope (F) aggregates are derived
from representative image analyzes.
2.4 Discussion
2.4.1 The role of recovery from acidification and catchment attributes
We had hypothesized that recovery from acidification is the principal driver of in-
creasing DOC in headwater catchments in the Northeast and applied trend analyses
to test this hypothesis. The significant correlation between decreasing SO2−4 depo-
sition trends and increasing DOCF A trends prior to 2004 for all catchments (Figure
2.3.2) could indeed be in response to the Clean Air Act Amendments of 1990 leading
to increased DOC mobilization into streams; however, our results also show that that
this effect dwindles over time. Post 2004, the connection between decreases in SO2−4
deposition and increases in DOCF A is not evident for each location. For example,
the four catchments that show increases in DOCF A post 2004 (SRRW, FB, CR, MB)
show large variability in decadal SO2−4 deposition trends.
These results also emphasize the transient nature of recovery-induced changes in
DOC and trend analyses thus require explicit temporal contexts. An example are
the Catskill catchments (NR and BB), where Burns et al. (2006) found a signifi-
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cant increase in DOC concentrations between 1991 and 2001 (Burns et al., 2006).
Our analysis confirmed this trend for DOCF A until 2004, however, thereafter these
catchments exhibit no trends and negative trends (Figure 2.3.1). In addition to shifts
in directionality of trends for many locations, the Pettitt change point analysis also
revealed high variability timing of the change points even for catchments in close
proximity to each other. For example, the shift in DOCF A for BB occurred in 1997,
whereas for BR the shift occurs six years later in 2003. As noted in Table 2.3.1,
these catchments are dramatically different in size which may in part contribute their
temporal variability.
Overall, the variable DOCF A response to SO2−4 deposition in both directional-
ity and timing of change point in trends indicate that additional factors modulate
DOC in these catchments and is consistent with the second part of our hypothesis
(i.e. catchment attributes modulate DOC response). To specifically investigate the
role of catchment attributes in producing variable DOC response we investigated the
period where DOCF A trends show high inter catchment variability (2004-2018) and
correlated the directionality with catchment attributes derived from the CAMELS
dataset. Our results reveal that DOCF A trends correlate with topographic, climatic
and hydrologic indices. For example, catchments with positive DOCF A trends tend
to have low mean slope and high soil depth while catchments with opposite DOCF A
trends have opposite characteristics (Figure 2.3.4).
Another finding is that catchments with positive DOCF A trends tend to have
less frequent high Q days yet have more frequent high precipitation days (Figure
2.3.4). The association between increasing DOCF A trends and frequency in high
precipitation events is validated by previous research which indicate DOC export on
an annual basis is predominantly driven by large storm/snow melt events (Raymond
and Saiers, 2010; Raymond et al., 2016; Wen et al., 2020). Thus, it can be expected
that, as the frequency of large storm events increase, DOC export is increasing as well.
The inverse relationship between high Q frequency and positive DOCF A trends might
seem counter intuitive given the fact that the majority of small headwater streams
exhibit increasing DOC concentration with increasing Q due to soil flushing (Chorover
et al., 2017; Evans and Davies, 1998; Moatar et al., 2017; Perdrial et al., 2014).
However, the flow-adjustment process removes the direct Q control on DOCF A trends
revealing additional influences. For example, in highly connected, flashy catchments,
the repeated flushing of shallow soils can result in depleted carbon pools (Boyer et al.,
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1997) thus leading to decreased DOCF A. In contrast, catchments with less frequent
high Q events might access export-controlled DOC pools, especially as the frequency
of high precipitation events increased.
2.4.2 Experimental results of DOC flushing and catchment context
The statistical analyses on long-term datasets allow for the identification of general
patterns of DOC mobilization at the regional scale, however, the testing of specific
processes often requires more in-depth investigations at specific sites. To test our
process hypotheses (i.e. differences in DOC response to recovery from acidification
is a result of differences in soil aggregates stability to changes in IS and pH) in the
context of our long-term analyses, we selected two locations with contrasting long-
term trends. For process investigation in a setting of increasing DOCF A trends we
chose SRRW, and for decreasing DOCF A SHHCZO, a well-studied catchment in close
proximity to YWC.
In our simulated soil core flushing experiments on top horizons (O-A), soils from
SRRW released more DOC than those from SHHCZO for most locations and seasons
(Figure 2.3.5). These results are in agreement with the higher soil TOC content in
SRRW soils (Andrews et al., 2011) and fits the long-term and continued increase in
stream DOC over time (Figure 2.3.1). Furthermore, SRRW soils show consistently
higher DOC releases into recovery solutions, which is again in agreement with the
positive DOCF A trend and makes an important connection to recovery from acidifi-
cation. The significantly (up to 50%) smaller aggregates after recovery treatment vs.
acidification treatment (Figure 2.3.6) further corroborate these findings and validate
the hypothesized role of aggregates in DOC mobilization during recovery from acidi-
fication in this case. Indeed, previous research on SRRW soils has emphasized DOC
release due to the breakup of soil aggregates in lower charge density solutions typical
for recovery (Cincotta et al., 2019).
In contrast, for SHHCZO soil cores, solution chemistry had little or the opposite
effect on DOC release (Figure 2.3.5), indicating that recovery conditions did not pro-
mote DOC mobilization from these soils. Our SEM analyses furthermore indicated
little reduction in aggregate size irrespective the treatment, indicating generally higher
aggregate stability (Figure 2.3.7). Constituents in SHHCZO aggregates are homoge-
neously fine-grained, which might promote stability through cohesion. The abundant
clay mineral content (45 %, mostly illite with small amounts of chlorite, vermiculite,
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and kaolinite (MacDonald et al., 2010)) promotes aggregation (Six et al., 2002) and
aids sorption of organic compounds (Kahle et al., 2003). This high carbon stabi-
lization potential might, however, be counteracted through the high water holding
capacity that produces favorable condition for microbial processing, leading to over-
all lower TOC content (Andrews et al., 2011).
For both SRRW and SHHCZO, DOC release varied by landscape position and
seasons, irrespective of treatment, and reflects spatiotemporal variability in the catch-
ment. For example, planar hillslopes might act as export control points where labile
material accumulates until they are hydrologically connected and episodically flushed
(Andrews et al., 2011). Our experiments simulate such flushing or export events and
mobilize most DOC from planar in most cases (Figure 2.3.5), despite the fact that
TOC content is higher in swales (Andrews et al., 2011). In contrast, swales might
represent permanent and/or activated control points where biogeochemical activity is
high (but potentially variable) and connectivity to the stream is sustained. Despite
ample DOC production, such conditions also lead to losses via microbial processing
and/or flushing, thus preventing accumulation (Bernhardt et al., 2017). As a result,
cores from swale locations generally release less DOC (Figure 2.3.5).
The temporal variability of DOC supply due to seasonal shifts in carbon accumu-
lation, processing and transport is superimposed on the spatial control. For example,
both catchments experience spring snowmelt, which flushes soils from otherwise un-
connected catchment locations (Boyer et al., 1997) and could lead to a temporal
depletion of labile carbon. This effect is visible for SHHCZO, however, the fact that
spring SRRW soils release some of the highest amounts of DOC is somewhat counter
intuitive: SRRW accumulates a significant snowpack and has a high potential for hy-
drologic flushing of even distal catchment locations (Armfield et al., 2019; Sebestyen
et al., 2008; Shanley et al., 2004). However, it is possible that snowmelt flushing was
not extensive enough or that enough time had passed to allow for the replenishing
of stocks. For SHHCZO in contrast the highest DOC release was observed for fall
soils, which could be due to the recent addition of leaf litter. Even though leaf litter
accumulates readily in swales, these locations again also lose carbon readily (Wen
et al., 2020) and the high DOC release from planar hillslopes in fall might therefore
again reflect the complex balance between accumulation vs. removal in a catchment
setting
36
2.4.3 Summary & Outlook
Overall, differences in DOC release for SRRW vs. SHHCZO in experiments are
in agreement with the differences in trends directionality from our regional analy-
ses, and for both site and regional scale the importance of soil processes is evident.
Furthermore, findings for both scales confirm the importance of transport processes,
such as export control points (at the site scale) and hydrologic and climatic catch-
ment attributes (at the regional scale). Therefore, our combined approach shows
great promise in connecting regional patterns and site-specific processes, however, a
number of challenges remain:
1. Uncertainty: it is important to not overstate meaning of correlations between
external drivers and processes, especially with low sample populations and es-
pecially at larger scales, true causation might be concealed.
2. Data limitation: while data science tools are increasingly able to handle sparse,
unbalanced and missing data, our ability for interpretation is still often limited
by data availability. For example, only 7% of CAMELS catchments had DOC
records long and consistent enough to perform robust long-term trends analyses,
only 2% are located in the northeast. These spatial and temporal gaps do limit
statistical power and the development of a larger consensus on processes, overall
requiring future work to focus on continuously collecting and consolidating long-
term DOC records.
3. Process knowledge and select catchment attributes: even with a comprehensive
data set it is likely that not all possible drivers are included, which calls for
careful process investigation of all data-driven results. The CAMELS data set
includes a wide variety of catchment attributes; however, it is possible that some
attributes are not captured.
Chapter 3: Conclusions
Studying DOC dynamics requires integrative approaches that couples data driven
approaches that can identify emergent properties with laboratory experiments that
can provide a mechanistic foundation based on known hydrological and biogeochem-
ical processes. Our analyses across scales and approaches provide a framework for
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multi-scale comprehensive studies and identifies the limitations and challenges asso-
ciated with such studies. By focusing on the relationship between DOC dynamics
and drivers in northeastern headwater catchments with supporting laboratory exper-
iments, we were able to identify a number of underlying mechanisms that vary by
catchment characteristics.
For example, long term trend analyses for SRRW indicated increases in DOC,
consistent with an overall increase in heavy precipitation and effects of recovery from
acidification. Our experiments furthermore supplied a mechanisms that could explain
observed patterns in that soil aggregates become unstable in the recovery-induced, low
charge density environment. In contrast, YWC showed decreases in DOC exports over
the past decades and our experiments on SSHCZO soils provide a possible mechanism
for these observations as well. In this case, DOC is more readily mobilized into low
pH, high IS solutions and a reversal of these condition during recovery could be the
one contributor for decreasing DOC over time. These results emphasize that the same
overarching driver, e.g. recovery from acid deposition and the frequency of extreme
storm events, could lead to a fundamentally different response based on catchment
attributes.
There are notable challenges and limitations associated with studying spatially
complex, continuously changing ecological systems, DOC dynamics exemplify this
challenge. Spatial and temporal variability in climatic, hydrological and anthropo-
logical forcings in combination with diverse catchment properties often makes it dif-
ficult to extrapolate the results of catchment specific studies to uniquely different
ecoregions. This is why necessary to consider catchment response to drivers within
the appropriate context. Additionally, it is important to not overstate correlations
between on regional scale trends and processes, as on larger scales there is more op-
portunity for confounding variables to conceal the true causation. Future research on
nutrient dynamics, specifically DOC, should attempt to utilize and improve upon in-
tegrative approaches that couples data driven geostatistics that can identify emergent
properties with laboratory experiments are process focused.
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